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Hearing relies on dedicated mechanotransducer chan-
nels that convert sound-induced vibrations into elec-
trical signals [1]. Linking this transduction to identified
proteins has proven difficult because of the scarcity of
native auditory transducers and their tight functional
integration into ears [2–4]. We describe an in vivo par-
adigm for the noninvasive study of auditory transduc-
tion. By investigating displacement responses of the
Drosophila sound receiver, we identify mechanical
signatures that are consistent with a direct mechano-
transducer gating in the fly’s ear. These signatures
include a nonlinear compliance that correlates with
electrical nerve responses, shifts with adaptation, and
conforms to the gating-spring model of vertebrate
auditory transduction. Analyzing this gating compli-
ance in terms of the gating-spring model reveals strik-
ing parallels between the transducer mechanisms for
hearing in vertebrates and flies. Our findings provide
first insights into the mechanical workings of inverte-
brate mechanotransducer channels and set the stage
for using Drosophila to specifically search for, and
probe the roles of, auditory transducer components.
Results
The mechanotransducers for touch sensation and hear-
ing are generally assumed to be directly gated by stimu-
lus forces that alter the open probability of these chan-
nels [5–9]. This direct gating implies that all the sensory
structures that transmit forces to the channels are me-
chanically coupled. As a consequence of this coupling,
force transmission between stimulus receiver and trans-
ducers is expected to be reciprocal [10]: much like move-
ments of the receiver will move the channels’ gates,
movements of these gates should move the receiver.
This reciprocity, which has been documented for verte-
brate vestibular and auditory hair cells [10–16], is ex-
ploited here to noninvasively assay the in situ workings
of mechanotransducer channels in an intact ear.
In Drosophila, the mechanotransducer channels that
mediate hearing are housed by several hundred mecha-
nosensory neurons comprised by Johnston’s organ in
the second segment of the antenna [17]. These neurons
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uni-koeln.de (M.C.G.)directly connect to the antenna’s third segment, which,
together with its lateral arista (Figure 1A), moves in re-
sponse to external forcing and, analogous to our ear-
drum, serves the reception of sound [18, 19]. Inspired
by work on hair cells [10–16], we exposed this antennal
sound receiver to force steps to test for signatures of
transduction in its displacement response (Figure 1).
Force steps were imposed electrostatically by feeding
voltage steps to an external electrode placed behind
the arista tip (Figure 1A). The resulting displacement,
X, of the receiver was measured in nonloading condition
at the arista tip (Figure 1A) by a laser Doppler vibrometer
operated in the fringe counting mode. The external force
experienced by the receiver, F =m €Xonset, was deduced
from the receiver’s initial acceleration upon the onset
of forcing, €Xonset, and its apparent mass, m (5 ng [20])
(Figures 1B and 1C; see also the Supplemental Data
available with this article online). Forcing and displace-
ment in the anterior direction of the fly are referred to
as ‘‘positive,’’ and those directed posteriorly are ‘‘nega-
tive’’ throughout the text.
Hair Bundle-like Response of the
Drosophila Sound Receiver
Actuating the fly’s antennal receiver with force steps in-
duced a characteristic displacement response (Figure 2):
upon the onset of a positive step, the receiver displayed
a pronounced movement in the positive direction that
was followed by a fast negative movement, or recoil,
and a subsequent positive excursion that progressed
until a steady-state displacement was reached (Fig-
ure 2A). The same sequence of events, though with
inversed directions, was observed when the sign of forc-
ing was changed (Figure 2B). This pattern of response
closely resembles that reported for the sensory hair bun-
dles of vertebrate inner-ear hair cells [10–16], where it
reflects the direct mechanical opening (initial overshoot)
and subsequent adaptation (recoil and excursion) of
transducer channels, as is explained by the gating-
spring model of mechanotransduction [5, 10, 12, 21, 22].
Receiver Response Conforms
to the Gating-Spring Model
The gating-spring model posits that the mechanotrans-
ducers of hair cells are mechanically activated via elastic
elements (the ‘‘gating springs’’) that connect to, and pull
on, the channels’ gates. A direct consequence of such
gating-spring activation is a nonlinear gating compli-
ance: as the channels open, the gating springs relax,
leading to a reduction in stiffness over that range of
forces (and displacements) at which the channels gate
[5, 10, 21, 22]. In Drosophila, the steady-state displace-
ment of the receiver Xsteady, as approached during pro-
longed forcing (Figure 3B), linearly scaled with the exter-
nal force, yielding a constant steady-state stiffness
Ksteady = dF/dXsteady of 50 6 8 mN/m (n = 20 receivers)
(Figure 3). For the initial displacement peak, Xpeak, how-
ever, a nonlinear force-displacement relation was found
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tion
(A) Drosophila antenna and experimental
setup. The third antennal segment and its
arista constitute the sound receiver (orange).
We actuated this receiver electrostatically
by feeding voltage commands (pulses) to an
external electrode (E) and measured its dis-
placement response. The fly was charged to
15 V against ground via a charging electrode
(CE) that also served as indifferent electrode
for measuring CAP responses via a recording
electrode (RE).
(B) Force estimation. Receiver displacements
(top, average of 400 repetitions) induced by
step commands (bottom) were converted
into accelerations (middle, black dots) and
smoothed (green trace, moving average
over 5 points). Red square: €Xonset, used for
force estimation. Blue circle: €Xpeak .
(C) Effect of charging the fly. Grounding the
fly yields a quadratic relation between the
command voltage and the external force
(blue symbols and quadratic fit). Lifting the
fly’s potential to 15 V (red symbols and linear
fit) linearized the voltage-force relation, al-
lowing for symmetric repulsive (positive)
and attractive (negative) forcing in the rele-
vant range (ca. 2100 to 100 pN).(Figures 3C and 3D): the corresponding dynamic stiff-
ness of the receiver, Kpeak, dropped for small forcing
amplitudes (ca. 250 to +50 pN), displaying a minimum
around zero forcing. This nonlinear behavior was found
to accord with a two-state gating-spring model [5, 10],
which represents the external force F required to dis-
place the receiver by a distance X as
F =KNX2poðXÞNz+F0: (1)
Here, KN is the asymptotic stiffness of the receiver,
i.e., its dynamic stiffness if all the channels are either
open or closed (Figure 3C). The open probability is de-
fined aspoðXÞ= 1=ð1 + e2 zðX2X0Þ=kBT Þ, whereX0 is the dis-
placement at which the open probability is one-half, kB
is the Boltzmann constant, and T is the absolute temper-
ature. N is the number of channels, z is the change in
force in a single gating spring when the channel opens
as seen in the receiver’s mechanics [8], and F0 is a con-
stant offset term.
Sensu strictu, this conventional formulation of the
gating-spring model (Equation 1) describes the force
balance between the elastic properties of the system
and the external force if the displacement is clamped.
When the external force is held constant and the system
is free to move, as in the experiments described here,
frictional and inertial effects may play a role. At the initial
displacement peak, the velocity _X is zero, excluding fric-
tional effects. The corresponding acceleration, €Xpeak,
however, is nonzero (Figure 1B), which means that iner-
tial effects,m €Xpeak, due to the mass m of the system can
be neglected only ifm €XpeakF. For the fly’s receiver, we
found j €Xpeak= €Xonsetjz0:4, indicating that m €Xpeakz0:4F.
We thus fitted a gating-spring model that takes inertial
effects into account to the force-displacement data of
the fly’s antennal receiver (Figures 3C and 3D):
F =KNX2poðXÞNz+F02m €Xpeak: (2)For an apparent mass of 5 ng, fits of Equation 2 to
the force-displacement data of 20 receivers yielded
KN= 63 6 10 mN/m, N = 3050 6 1340 channels, z =
156 3 fN, F0 = 226 7 pN, and X0 =2126 21 nm. These
figures translate into a ratio Nz2=ð4kBT  KNÞ = 0.66 0.1,
which describes the extent of nonlinearity of the system:
if the force is held constant, this ratio can assume figures
between zero (linearity) and one (minimal stiffness of the
system drops to zero). We further find that the stationary
channel open probability in the absence of forcing is ap-
proximately 0.5 (po(0) = 0.516 0.02; n = 20) (for the mass
dependence of parameter values, see the Supplemental
Experimental Procedures).
Gating-Spring Model Predicts Nerve Response
If the nonlinear compliance of the fly’s receiver results
from the concerted opening of transducer channels and,
accordingly, represents a gating compliance, the open
probability deduced from the receiver’s mechanics
should be reflected by a compound current in the fly’s
auditory neurons. Such a compound current cannot be
directly accessed, yet mechanically evoked compound
action potentials (CAPs) propagated by the neurons’ ax-
onal projections can be recorded from the fly’s antennal
nerve [23] (for a comparison of CAPs evoked by electro-
static and acoustic forcing, see Supplemental Data). In
accord with the model (Equation 2), the initial displace-
ment peak of the receiver was found to associate with
transient CAPs (Figures 2 and 3A), which followed the
receiver’s displacements with submillisecond delays
(Figure 2C). In contrast to the model, however, CAPs
were elicited by both positive and negative forcing (Fig-
ures 2 and 3A), whereas the open probability (po(X)) is
predicted to increase for positive forces but to decrease
if the sign of forcing is inversed (Figures 3C and 3D). This
discrepancy is likely to result from the symmetric ar-
rangement of the fly’s auditory neurons, which perpen-
dicularly connect to the receiver’s anterior and posterior
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symmetric CAP responses to positive and negative
forcing and the frequency doubling seen in the CAP re-
sponses to oscillatory forcing (see Supplemental Data),
all point to the existence of two channel populations,
the open probabilities of which are symmetrically in-
versed (po(X) and po(2X)): pushing the receiver in one
direction will open channels of one neural population,
whereas channels of the opposed neural population
will be closed (Figures 3C and 3D). For a stationary
open probability of 0.5, introducing a second channel
population does not affect the force-displacement rela-
tion (Equation 2) defined by the model (see the Supple-
mental Experimental Procedures), yet it yields an open
probability that well describes the CAPs recorded from
the nerve: the peak amplitudes of the CAPs closely fol-
lowed the open probabilities inferred from the receivers’
mechanics for po > 0.5 (Figures 3C and 3D), consistent
with the idea that CAPs are evoked only when the open
probability exceeds its stationary value. The observed
Figure 2. Responses to Force Steps
(A) Displacement of the receiver (top) and simultaneously recorded
CAPs (middle) in response to force steps (bottom) of different ampli-
tudes.
(B) Continuous recording of displacement (top) and CAP (middle) re-
sponses to positive and negative force steps of identical amplitude
(bottom).
(C) Submillisecond delay between the receiver’s displacement (solid
line) and CAP response (dashed line). The CAP sets inw500–600 ms
after the receiver has started to move.
Averages of 400 repetitions in (A)–(C).match between open probabilities and CAP amplitudes
suggests an approximately linear relation between both.
Nerve and Receiver Responses Betray
Transducer Adaptation
To further explore whether the observed nonlinear com-
pliance is a gating compliance, we tested for adaptation.
Adapting transducers characteristically shift their oper-
ating ranges during maintained stimulation, thereby fully
or partly restoring the channels’ open probabilities to the
prestimulus level [24]. In vertebrate hair cells, this adap-
tive shift is accompanied by a parallel shift of the hair
bundle’s nonlinear compliance, which, in the framework
of the gating-spring model, is interpreted as a readjust-
ment of the gating-spring tension [5, 10, 25]. InDrosoph-
ila, the transient nature of the nonlinear compliance and
associated CAPs may reflect such adaptation, the exis-
tence of which was confirmed when the receiver was
exposed to test stimuli (force steps) before and 50 ms
after the onset of an adapting stimulus of constant offset
force (Figure 4A). This offset force Foffset was calculated
from the receiver’s initial acceleration peak at the onset
of the adapting stimulus, and the corresponding offset
position Xoffset was measured just before the onset of
the test stimulus of force Ftest. The external force experi-
enced by the receiver during presentation of the test
stimulus is thus given by F=Foffset+Ftest. In the presence
of an adapting stimulus, both the working range of the
CAP response and the region of the receiver’s nonlinear
compliance jointly moved in direction of the offset force
(Figure 4B, left). This adaptive shift was complete, with
the position of maximum compliance (X0 in Equation 2)
moving exactly to the imposed offset position (Fig-
ure 4C). The completeness of this adaptive shift was con-
firmed when relative peak displacements Xpeak2 Xoffset,
corresponding dynamic stiffnesses, and CAP ampli-
tudes were plotted against Ftest (Figure 4B, right),
thereby removing any noise associated with measure-
ments of offset forces and positions. As expected for
complete adaptation, the responses obtained for differ-
ent offset forces superimposed (Figure 4B, right). Fits
of the gating-spring model (Equation 2) to these superim-
posing responses confirmed that the extent of nonlinear-
ity Nz2=ð4kBT  KNÞ is independent of the receiver’s
offset position (Figure 4C), consistent with a complete
restoration of the tension of the gating springs.
Discussion
Based on submillisecond response latencies that seem
too short for second-messenger cascades, mechano-
transducer channels are generally assumed to be gated
directly by stimulus force [7, 26]. Such direct channel
gating, which implies mechanical coupling between
the stimulus receiver and the transducers, will inevitably
modulate receiver mechanics over that range of forces
at which the transducers gate. We have shown that
deflecting the antennal sound receiver of Drosophila
evokes CAPs in the antennal nerve that follow the re-
ceiver’s displacement with submillisecond delay (Fig-
ure 2). Though including contributions of spike genera-
tion and propagation, this delay is at least one order of
magnitude shorter than the fastest known second-mes-
senger cascade [27], suggesting that displacements of
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(A) Displacement (top) and CAP (middle) responses to a family of force steps (bottom) obtained from one antenna.
(B) The force dependence of the responses was analyzed for the receiver’s initial displacement peak (Xpeak) and its steady-state displacement
(Xsteady). The latter was determined as the asymptotic value of an exponential fit (blue line).
(C) Xpeak and Xsteady (top) and corresponding stiffnesses Kpeak = dðF2m €XpeakÞ=dXpeak and Ksteady = dF/dXsteady (middle) of the responses in (A) as
functions of the receiver’s initial acceleration and the external force. Solid lines: gating-spring model (equation 2) fitted to Xpeak (red) and linear fit
to Xsteady (blue, top) and corresponding stiffnesses (middle). Dotted red line: asymptotic stiffness (Kpeak). Bottom: open probability deduced from
the fit of the gating spring model to Xpeak; measured relative CAP amplitudes are superimposed. Solid line, po(X); dashed line, po(2X).
(D) Pooled responses of 20 receivers. In order to compensate for interindividual differences in Ksteady, data are plotted against Xsteady and stiff-
nesses are normalized to the individual values of Ksteady. Lines: average fit (for parameter values, see text), color and style coding as in (C). CAPs
were recorded in 10 of the 20 flies.the receiver directly gate mechanotransducer channels
in the ear of the fly. As further shown by this study,
CAPs evoked by receiver deflection are associated
with a nonlinear compliance in the receiver’s displace-
ment response (Figures 2 and 3). Qualitatively, this
mechanical nonlinearity is consistent with the direct
gating of mechanotransducer channels [5], and its work-
ing range aligns with the dynamic range of the CAPs
(Figure 3). Quantitatively, the nonlinear compliance con-
forms to the gating-spring model of mechanotransduc-
tion, whereby describing the compliance with a gating-
spring model with two opposing channel populations
([18, 19], see also Supplemental Data) predicts a channel
open probability that is reflected by the amplitude char-
acteristics of the CAPs (Figure 3). Both the CAPs and the
nonlinear compliance are shown to shift concomitantly
with adaptation (Figure 4), which would be difficult to ex-
plain if some mechanism other than transducer gating
would account for the nonlinear compliance observed.
We conclude that just as hair bundle displacements
directly promote—and thus betray—the gating of
mechanotransducers in vertebrate hair cells, antennal
displacements directly promote—and thus betray—thegating of mechanotransducers in the Drosophila ear.
We note that although the gating mechanics of mecha-
notransducers cannot yet be monitored directly, the in-
terpretation that the fly’s receiver reflects these mechan-
ics is straightforward in that it comprehensively explains
the data in a parsimonious way. Per se, a nonlinar com-
pliance is a concomitant phenomenon of direct mecha-
notransducer gating. That such a gating compliance
can be detected in the mechanics of the fly’s antennal
sound receiver may seem surprising, but becomes less
so when considering that this receiver connects to hun-
dreds of mechanosensory cells.
The idea that the gating-spring model can be applied
to invertebrate mechanosensory systems has long been
an attractive hypothesis [6, 28, 29], but experiments ex-
ploring the mechanical workings of invertebrate mecha-
notransducer channels have not been reported before.
Our analysis shows that the gating-spring model quanti-
tatively describes mechanotransduction in an inverte-
brate auditory system, thereby revealing striking paral-
lels between the transduction mechanisms for hearing
in vertebrates and flies. First, as judged from the gating
compliance, the transducers of the fly’s auditory
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(A) Receiver displacement (top) and CAP (middle) responses to test stimuli before and 50 ms after the onset of a maintained receiver deflection
(bottom).
(B) Xpeak (top), Kpeak (middle), and CAP responses (bottom) as a function of the external force for five different offset forces (Foffset). Solid lines:
individual fits of Equation 2 (top), deduced stiffnesses (middle), and open probabilities (bottom, po(X)). Dashed line: po(2X). Vertical lines: respec-
tive values of Foffset. Right panels: superposition, displaying relative peak displacements Xpeak2 Xoffset, Kpeak, and CAP amplitudes as a function
of Ftest and respective fits.
(C) Shift of the position of maximum gating compliance X0 (triangles, values from fits in [B], left) with the offset position Xoffset and extent of non-
linearity (circles, values from fits in [B], right). Lines: line of unity (solid) and extent of nonlinearity at zero offset force (dotted). Color code as in (B).system, like those of vertebrate hair cells, are directly
gated mechanically via gating springs. In case of com-
plete adaptation, the gating-spring model states that
the difference between the asymptotic and the steady-
state stiffness is given by the stiffness of the combined
gating springs, KGS =KN2Ksteady [5, 10]. According to
our analysis, the gating springs thus contribute w21%
of the total dynamic stiffness of the fly’s receiver
(KN=Ksteady = 1.25 6 0.16; n = 20). Second, shifts of the
gating compliance during maintained receiver deflec-
tion suggest that transducer adaptation in the fly’s audi-
tory system ensues from a readjustment of the gating-
spring tension. This readjustment may be accomplished
by adaptation motors [5, 10, 12, 25], which, analogous
to those of hair cells [30, 31], may also promote active
amplification in the Drosophila ear [20]. Third, both fly
and vertebrate auditory transducers are exquisitely sen-
sitive, converting piconewton-range forces and nano-
meter-range displacements into electrical signals. In
particular, the mechanical energy required to open an in-
dividual transducer in hair cells and fly ears is similar: for




,where k is the stiffness of the individual gating
spring and d is the gating swing. Our analysis yields
E = 6.46 3.4 kBT, which is close to the respective values
that can be calculated via parameter values reported for
frog hair cells (w1.7 kBT [10] and 4.7 kBT [32]). Fourth,
the transducers are scarce: assuming that the w3000
channels revealed by our analysis are equally distrib-
uted among thew500 sensory neurons of the fly’s John-
ston’s organ [33], only six such channels would be
housed by each cell. This figure is approximately one or-
der of magnitude smaller than corresponding estimates
for vertebrate hair cells [10, 32], possibly reflecting the
fact that the fly’s auditory neurons bear a single sensory
cilium and no hair bundle.
The mechanistic parallels between fly and vertebrate
auditory transducers do not imply that the molecules
that form these transducers are evolutionarily con-
served. Fly auditory neurons and vertebrate hair cells re-
portedly share molecular modules for mechanosensory
cell formation and function [34], but whether this conser-
vation extends to the transducer machinery proper re-
mains to be seen. While genetic-chemical strategies
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vertebrate hair cells [35], other key components of the
transducer complex including the channels proper and
the gating springs have not been identified yet [2, 4,
31]. Work on Drosophila, in turn, has put forward chan-
nel proteins that are involved in mechanosensation
[36–38], but directly testing whether these ‘‘mechano-
sensory’’ channels mediate the elementary process of
mechanotransduction or are involved in electrical signal
processing/propagation downstream of transduction
has not been possible yet [6, 39]. By documenting the
in vivo tractability of transducer function in theDrosoph-
ila ear and its functional equivalence with transduction
in vertebrate hair cells, our analysis sets the stage for
a dissection of the molecules and mechanisms involved.
Mutant alterations of Drosophila auditory transducer
function can now be specifically assessed in vivo,
whereby the gating-spring model provides a theoretical
framework that allows qualifying and quantifying ge-
netic defects.
We have described an in vivo paradigm to study
mechanotransduction in the Drosophila ear and docu-
ment common gating mechanisms for fly and vertebrate
transducers for hearing. Based on these advances, it will
now be possible to functionally and molecularly dissect
mechanotransduction in the ear of the fly. Even if the
transducers in fly and vertebrate auditory organs should
turn out to rely on different molecules, the tractability
and functional characteristics of the Drosophila trans-
ducer machinery for hearing make it a powerful system




Flies (Oregon R wild-type strain) were reared on standard medium at
21C and w70% humidity. For analysis, the flies were briefly anes-
thetized by CO2 and subsequently affixed ventrum down on top
of a Teflon rod, with the basal parts of their antennae, their heads,
wings, legs, and halteres stabilized by wax [40]. The first and second
antennal segments were immobilized by dental glue to prevent
muscle-based antennal movements. Blocking these segments did
not affect the receiver’s mechanics, as was confirmed by control
measurements of the receiver’s displacement before and after the
treatment.
Mechanical Measurements
All measurements were carried out at room temperature (21C–
26C) on a vibration isolation table (Technical Manufacturing Corpo-
ration). The displacement of the fly’s antennal receiver was moni-
tored with a computer-controlled Polytec PSV–400 scanning laser
Doppler vibrometer (LDV) equipped with a close-up unit and a
DD-5000 displacement decoder. The rod holding the fly was placed
at focal distance (70 mm) from the LDV, with the arista being perpen-
dicular to the laser beam. The laser was focused on the arista tip with
the scanning unit of the laser head. The position of the laser spot
(w5 mm in diameter) was monitored online with the coaxial video
capture system of the LDV. Only one receiver was examined per fly.
Electrostatic Actuation
An insulated platinum-iridium microelectrode (World Precision In-
struments, 3 mm exposed tip) served as electrostatic actuator. The
tip of the electrode was positioned behind the tip of the arista (Fig-
ure 1A), with both tips being aligned in the optical axis of the LDV.
The distance between the electrode and the arista was w300 mm,
which is large compared to the arista’s displacement (%w3 mm).
Theory predicts that the electric field E(r) at a distance r from the
actuator is proportional to the command voltage VC fed to theactuator, E(r) = a(r)VC, whereby the force F experienced by the re-
ceiver depends on the receiver’s polarization p. For small stimulus
voltages, this polarization will be proportional to the electric field,




Because a(r) decreases monotonically with r, the force resulting
from polarization will always be attractive, regardless of the sign of
VC. Moreover, because altering VC induces electric currents in the
fly, the force resulting from polarization will build up gradually with
a considerable time delay.
Fast electrostatic forcing in both positive and negative direction is
possible if the fly is charged. We slowly lifted the fly’s potential,VF, to
a fixed value against ground via a charging electrode inserted into
the thorax. Charging adds a linear term to the relation between volt-
age and force, yielding
F =aaðrÞvaðrÞ
vr
V2C +baðrÞVCVF : (4)
This linear term dominates for small voltage amplitudes, introduc-
ing a linear regime into the voltage-force relation that allows for
both attractive (positive) and repulsive (negative) forcing. The max-
imum repulsive force and the extent of the linear regime are both
proportional to VF
2, whereby the linear regime is defined as the
region in which the deviation of the slope of the curve F(VC) from
the linear slope ba(r)VF is smaller than some limiting value
j12 vFðVCÞvVC =baðrÞVF j< 3. Within this linear, noninductive regime, the
force is independent of the receiver’s polarization. Altering VC thus
leads to instantaneous forcing with virtually zero delay.
In accord with theoretical expectations, stimulation of uncharged
animals yielded a quadratic relation between VC and F in steady-
state condition, whereas a linear relation was observed for small
VC when the fly was charged (Figure 1C). Within this linear regime,
the speed of forcing is limited only by the rise time of the voltage
steps fed to the actuator, which could not be resolved at 200 kHz
sampling rate.
Nerve Recordings
The method for recording CAPs from the fly’s antennal nerve has
been described [23]. We used an electrolytically tapered tungsten
wire as recording electrode that was inserted into the joint between
the antenna’s first segment and the head capsule. The charging
electrode in the fly’s thorax served as indifferent electrode. Signals
were passed through a differential amplifier and a noise eliminator
(Hum-Bug, Quest Scientific).
Data Acquisition and Analysis
Voltage commands, receiver displacements, and nerve responses
were simultaneously monitored and sampled at 55 kHz for offline
analysis. Data analysis was performed in Spike II and Sigma-Plot.
Fits were run with Python scripts.
Supplemental Data
Two figures and Experimental Procedures are available at http://
www.current-biology.com/cgi/content/full/17/11/1000/DC1/.
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